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Abstract
We consider a vector dark matter (VDM) with a direct coupling with
photon. We examine the effect of such an interaction on the CMB polar-
ization to put new constrains on the properties of the DM particles. We
show that a partially polarized VDM of the order of temperature fluctua-
tion with a quadrupole distribution leads to a valuable CP for the CMB.
In different DM-models the DM-masses range from few eV to a few TeV .
We show that the CP angular power spectrum depends on the mass of
VDM as C
(S)
V l
∝ 1/m6
V
such that for m
V
= 10eV − 1keV , the CP angular
power spectrum is C
(S)
V l
≃ 103 − 10−11nK2. Therefore, the light VDM
with masses less than 10eV leads to an unexpected very large CP which
can be excluded from the acceptable range of the VDM masses.
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1 Introduction
There are different theoretical and experimental researches on the dark matter
(DM) which contributes about 25% of the whole energy density of the Universe.
Although, many cosmological and astrophysical observations such as velocity
curves of spinning galaxies [1], gravitational lensing [2] and structure formation
[3] confirm the existence of DM in the universe but its nature is still unknown.
However, Massive astrophysical compact halo object (MACHO) [4], Gravitino
[5], Kaluza-Klein particle [6], nuetrinos [7], weakly interacting massive particles
(WIMPs) [8, 9], super-WIMPs [10, 11], axions [12] are considered as some of
DM candidates. Among these various candidates, WIMPs and super-WIMPs
are particularly attractive candidates for DM at the electroweak scale. The
WIMPs are in GeV mass scale and fit to the Cold DM paradigm. They not
only naturally describe the now-observed abundance of dark matter [13] but
also hold all cosmological and astrophysical constraints imposed on dark mat-
ter experiments [14]. This is while, the super-WIMPs are known as warm DM
candidate. They are lighter than the WIMPs and put in the range of keV mass
scale. They can potentially explain the small-scale gravitational clustering prop-
erties and for above ∼ 3keV , these particles can easily describe the structure
formation [15]. Detection of WIMPs and super-WIMPs due to weakly interac-
tion are naturally difficult nevertheless there are some suggested experiments
for finding these particles such as XENON100 [16, 17], CDMS [18], LUX [19],
PAMELA [20, 21], MAGIC [22], VERITAS [23], DAMA [24] and XMASS [25].
Nontheless, even for very light dark matters below keV there are models for the
Bosonic dark matters and also experimental direct detection for masses in meV
to keV range [26]. On the other hand, Many experiments such as WMAP [27],
SPT [28], ACT [29] and Planck [30] are dealt with the CMB fluctuations and
its polarization modes. In fact, the cosmological information is encoded in the
temperature and polarization anisotropies of the CMB radiation. Meanwhile,
at the recombination epoch according to the standard model of cosmology the
Compton scatterings off particles such as electrons, protons, and so on are the
main source of the photons interaction. However, depending on the type of
perturbations the Compton scattering can only produce the E and B-modes of
linear polarization (LP) and not a radiation with CP. Furthermore, temperature
and the LP fluctuations of the CMB have been measured as δT
TCMB
≤ 10−5 while
the current upper limit on the CP is about δV
TCMB
≤ 10−4 at the large scales
[31, 32, 33, 34]. Therefore, any new interaction beyond the standard cosmolog-
ical model with photons at the last scattering surface can provide a new source
of information through producing different types of the CMB polarization. For
instance, in the Ref. [35] it is shown that the gravitational lensing by the matter
distribution can transform E- into B-mode polarization of the CMB. In [36] the
contribution of the non-commutative QED on the CMB Linear Polarization has
been considered. Non-linear photons interactions via Euler-Heisenberg effective
Lagrangian is introduced as a source of CP of CMB in Ref. [37]. In Refs.
[38, 39] have been shown that the photon scattering from the cosmic neutrino
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background can have a significant contribution on both LP and CP of the CMB.
However, a natural question can arise here, how much different DM-models can
affect the CMB polarization. In these models DM-candidates may be appear as
fermions or bosons with different spins [40, 41, 42, 43, 45]. For example, in [42]
a fermionic DM has been considered as a dipolar DM which couples to photon
through loops in the form of electric and magnetic dipole moments. Based on
this model, the DM effects on the CMB photon polarization has been explored
which is resulted in a B-mode polarization in presence of primordial scalar per-
turbations with a bound on the mass and magnetic dipole moment of dipolar
DM about m ≥ 50MeV and M ≤ 10−16e cm, respectively [44].
Here, we would like to focus on a model given in [45] with a spin-1 bosonic
vector-DM (VDM) which can directly couple to photon through a gauge invari-
ant dimensionless coupling. As we know, the vector boson as the DM candidate
has recently received much attention in various mass scales from a few eV to
few TeV. For instance, in [46] it is shown that the Higgs portal singlet VDM sce-
nario with 60GeV . m
V
. 80GeV can naturally explain the γ-ray spectrum.
A vector WIMP with 100 − 1000GeV mass which acquires its mass from the
gauge symmetry breaking at the TeV scale has been considered in [47] . A model
for VDM with m
V
> 63GeV has been introduced in [48] where the bound on
the VDM mass has been obtained from the upper bound on the invisible decay
width of the Higgs boson. In [49] it is shown that a VDM with 20 − 40GeV
mass can provide an excellent description of the observed gamma-ray excess. In
[45, 50] a model with two different VDM candidates are considered in a GeV
mass scale to explain 3.5 keV and 130GeV photon lines. Meanwhile, there are
many papers for the VDM in the low mass scale. In [51], the constraints on the
minimal model for VDM leads to 0.01−100 keV mass range. In [10] the cosmo-
logical abundance, the background created by particle decays and the impact on
stellar processes due to cooling are analyzed for the VDM with mass less than
100 keV . The authors in [17] have obtained some bounds on the mass of VDM
in range 8 − 125 keV . However, a direct detection with the XMASS-I liquid
xenon detector for the mass of the VDM has been resulted in a 40 − 120 keV
range [25] .
The paper is organized as follows. Sec. II presents an overview of polariza-
tion and Boltzmann equations. Sec. III discusses the time evolution of Stockes
parameters due to DM-photon interaction for forward scattering and damping
terms. Sec IV details CP of CMB photons and its power spectrum due to DM-
photon scattering. Finally, we summarize our results and give conclusion in Sec.
VI.
2 BOLTZMANN EQUATIONS AND STOKES
PARAMETERS
The polarization property is an important source to get information from photon
as a quanta of electromagnetic field. Of different formalism that can describe
3
photon polarization, the Stokes parameters which describe partial polarization
of photon in terms of 4 parameters, I, Q, U and V is proper for astronomical
polarimetry where I indicates the total intensity of radiation, Q and U show the
linear polarization and V denotes the difference between right- and left- handed
CP. However, an unpolarized photon characterizes with Q = U = V = 0.
Meanwhile, for an ensemble of photons the Stokes parameters can be described
as the components of photon density matrix ρ as follows
ρ =
1
2
(
I +Q U − iV
U + iV I −Q
)
. (1)
Since the density matrix for a system of photons contains the same information
as the four Stokes parameters one can examine the time evolution of the density
matrix to find the polarization of the system.
For every component of the universe one can consider a statistical distribu-
tion function which depends on time, position and momentum [52]. The statis-
tical equation that describes the features of macroscopic distribution of particles
due to gravity and collisions is called Boltzmann equation which generally can
be written as [52]
df
dt
= C[f ], (2)
where the left-hand side deals with space-time properties, gravitational per-
turbutions around the homogeneous cosmology, is known as the Liouville term
while the righ-hand side of this equation contains all possible collision terms.
The time evolution of photon density matrix ρij can be considered as a gener-
alized Boltzmann equation as follows [53]
(2pi)3δ3(0)(2k0)
d
dt
ρij(k) = i〈[H
0
I (t), D
0
ij(k)]〉−
1
2
∫
dt〈[H0I (t), [H
0
I (0), D
0
ij(k)]]〉,
(3)
whereH0I is the interacting Hamiltonian [53], D
0
ij(k) = a
†
i (k)aj(k) is the number
operator and 〈〉 indicates the expectation value. The first term on the right-hand
side of (3) is called forward scattering. The second one is known as damping
term which is related to higher order collisions. In the following section, we
consider the interaction between VDM and the CMB photons to explore the
possible effects of this interaction on the CMB polarization.
3 THE TIME EVOLUTION OF STOCKS PA-
RAMETERS VIA DM-PHOTON INTERAC-
TION
As we know the nature of dark matter is unknown. One possible candidate
for explaining the unseen dark sector of the universe is spin-1 VDM. Here, we
use a model which is introduced in Ref. [45]. Comparing to the standard
4
Figure 1: Typically Feynman diagrams for VDM-photon scattering
model, this model includes an extra neutral vector boson pair V and V ′ with
masses m
V
< m
V ′
. Due to Z2 symmetry imposed on this model, vector boson
V is stable and can be a suitable candidate for DM. However, in this model
photon can directly couple to the dark matter particles through a gauge invariant
coupling as follows
LI = gV cos θWF
µυVµV
′
ν + g
′
V
cos θ
W
εµναβFµυVαV
′
β , (4)
where g
V
and g′
V
are dimensionless coupling, θ
W
is the Weinberg angle, Vµ and
V ′µ are VDMs and Fµν = ∂µAν − ∂νAµ is the field strength of radiation. In the
rest of the paper, we explore the effects of VDM-photon scattering on the CMB
polarization. To this end, we make use of (3) to calculate the time evolution of
the component of the density matrix and show that how the interaction between
photon and the VDM can affect the CMB polarization.
3.1 FORWARD SCATTERING TERM
As the largest term we first consider the forward scattering one. It can be
shown that the time evolution of Stockes parameters due to the DM-photon
forward scattering Fig. 1 with a completely unpolarized VDM and an arbitrary
distribution function ρ0(x,q) leads to (see appendix A)
I˙(k) = 0, V˙ (k) = 0,
Q˙(k) = 0, U˙(k) = 0. (5)
In the other words, (5) means that an unpolarized VDM can not generate any
polarization for the CMB radiation. However, the net polarization of the VDM
depends on model in which it can be produced. In fact, in different models there
might be an imbalance in the production of each component in comparison with
the other ones[54]. Here, without referring to any specific model, we would like
to assume that for some reason or fluctuation there is a small difference between
the distribution densities of each mode of polarizations. To this end, we consider
a polarized distribution for the VDM by taking ρ11 6= ρ22 6= ρ33 into account
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where ρ11 and ρ22 show the densities of two transverse modes and ρ33 is the
density of the longitudinal mode. Meanwhile, one can define the density matrix
elements for each components as
ρrr′(x,q) =
{ (13 + δr) ρ0(x,q) r = r′
0 r 6= r′
(6)
where |δr| ≪ 1 shows a small deviation from the unpolarized case. Now the time
evolution of the Stocks parameters can be explored order by order in terms of
l the rank of the multipole expansion of the angular function in terms of the
Legendre polynomials. Therefore, in the lowest order where l = 0 and in the
non-relativistic limits q0 = m
V
and (m2
V
−m2
V ′
)2 ≫ 4(k.q)2 one has
I˙(k) = 0 (7)
Q˙(k) =
pi
2
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ2)nDM (x) (CV (k)), (8)
U˙(k) =
pi
2
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ2)nDM (x) (DV (k)) , (9)
V˙ (k) = −
pi
2
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ2)nDM (x) ((CQ(k) +DU(k)) ,
(10)
where C = 4g′
V
g
V
cos2 θ
W
, D = (4g′2
V
−g2
V
) cos2 θ
W
, the angle α is related to the
incoming or outgoing photon and nDM (x) is the DM density which is defined
as [see appendix A for more detail]
nDM (x) ≡
∫
d3q
(2pi)3
ρ0(x,q). (11)
It should be noted that in (8) to (10) for ρ11 = ρ22 6= ρ33 there is not any circular
polarization at l = 0 even though the densities of transverse and longitudinal
modes are different. Nevertheless, for the next non-zero order which is l = 2 the
situation is different. In this case the polarized VDM-photon forward scattering
affect the time evolution of the Stocks parameters as follows
I˙(k) = 0 (12)
Q˙(k) = −
pi
5
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ3)n2DM (x) (CV (k)), (13)
U˙(k) =
pi
5
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ3)n2DM (x) (DV (k)), (14)
V˙ (k) =
pi
5
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ3))n2DM (x) ((CQ(k) +DU(k)) , (15)
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where n2DM (x) is the quadrupole contribution of DM density which is defined
as [see appendix A for more detail]
n2DM (x) ≡
∫
d3q
(2pi)3
ρ0(x,q)P2(cos θ), (16)
in which θ is measured with respect to the DM direction and P2(cos θ) is the
Legendre polynomial of rank 2. This means that to generate the CP via VDM-
photon forward scattering in l = 2, the distribution of VDM must have a
quadrupole component in addition to the polarized distribution. However, as
(12)-(15) show, a small difference in the densities of the transverse and longitu-
dinal modes for l = 2 in contrast with l = 0 is enough to producing a circular
polarization. Meanwhile, (7)-(10) and (12)-(15) can be simplified as
I˙(k) = 0, V˙ (k) ≈ −κ˙ sin2 α (Q(k) + ηU(k)),
Q˙(k) ≈ κ˙ sin2 αV (k), U˙(k) ≈ κ˙ sin2 α ηV (k), (17)
where η is a number and for l = 0 one has
κ˙ ∼
√
〈σvrel〉ann
k0
(m2
V ′
−m2
V
)
(δ1 − δ2)nDM (x),
=
√
〈σvrel〉ann
k0
m2
V
(X2 − 1)
(δ1 − δ2)nDM (x), (18)
while for l = 2
κ˙ ∼
√
〈σvrel〉ann
k0
(m2
V ′
−m2
V
)
(δ1 − δ3)n2DM (x),
=
√
〈σvrel〉ann
k0
m2
V
(X2 − 1)
(δ1 − δ3)n2DM (x). (19)
In the above relations we have defined
X =
m
V ′
m
V
, (20)
and
g4
V
cos4 θ
W
∼ g
′4
V
cos4 θ
W
∼ g2
V
g
′2
V
cos4 θ
W
∼ 〈σvrel〉ann
m4
V ′
m2
V
. (21)
It should be noted that as the relations in (17) show the B-mode also can be
generated through the interaction with the VDM. Unfortunately, in this case
the B-mode power spectrum depends on the circular power spectrum which can
be estimated as [55]
C
B(S)
l ∝
(
κ˙
τ˙eγ
)2
C
V (S)
l , (22)
that is too small for
(
κ˙
τ˙eγ
)2
≪ 1. Therefore, at the forward scattering level we
only examine the circular polarization of the CMB-photons.
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3.2 DAMPING TERMOF DM-PHOTON INTERACTION
In the previous subsection the forward scattering term of (3) has been consid-
ered. In this subsection we explore the time evolution of the Stockes parameters
from the smaller damping term. To evaluate the damping term for DM-photon
interaction in the case of a completely unpolarized VDM with the distribution
function ρ0(x,q), we only consider the largest contribution in the time evolution
of Stocks parameters which can be obtained as follows (see appendix B)
Q˙(k) = −
4
15
nDM (x)
m2
V
k0
4
sin2 α cos4 θ
W
(m2
V ′
−m2
V
)2
(g4
V
− 16g
′4
V
) I2(p), (23)
U˙(k) = −
16
15
nDM (x)
m2
V
k0
4
sin2 α cos4 θ
W
(m2
V ′
−m2
V
)2
g
V
g′
V
(g2
V
+ 4g
′2
V
) I2(p), (24)
V˙ (k) = 0, (25)
where
I2(p) =
∫
dΩ′
4pi
P2(cosα
′)I(p), (26)
and by using (21), one has
V˙ (k) = 0,
Q˙(k) ≈ −τ˙DMI2(p), U˙(k) ≈ −τ˙DMI2(p), (27)
with
τ˙DM ≈ 〈σvrel〉ann nDM (x)
(
k0
m
V
)4
. (28)
As (27) shows, there is no chance to have CP via damping term for the DM-
photon interaction with a completely unpolarized VDM, whereas the Faraday
rotation can be happened if one has a quadruple degree of freedom I2(p) in the
photon intensity. However, the factor ( k
0
mV
)4 is very small in the case of CMB
photon k0 < 1eV and massive VDM m
V
< 1 MeV. In fact, in comparison with
the Thomson scattering, the main interaction of standard scenario of cosmology,
one has
τ˙DM
τ˙eγ
≈
nDM
ne
〈σvrel〉ann
σT
(
k0
m
V
)4
, (29)
where τ˙eγ = neσT is the Thomson scattering optical depth, ne is the electron
number density and σT is the Thomson cross section. If we use the approxima-
tion ne = np ≈ nB.M that np and nB.M are the number density of proton and
baryonic matter, respectively, we can write the ratio (29) as follows
τ˙DM
τ˙eγ
≈ 10−18
(
k0
m
V
)4(
nDM
1.4× 10−61/cm3
)(
ne
2× 10−71/cm3
)
×
(
〈σvrel〉ann
10−32cm3/s
)(
σT
6.6× 10−25cm2
)
, (30)
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where for k
0
m
V
<< 1 leads to τ˙DM
τ˙eγ
<< 1. Therefore, the damping term can have
a considerable contribution for CMB polarization when k
0
m
V
∼ 1 which is not in
the context of this paper.
4 CMB CIRCULAR POLARIZATION
In this section, we are going to examine the CMB CP which can be produced
by the VDM-photon forward scattering to study the nature of this type of dark
matter.
4.1 BOLTZMANN EQUATION FOR CMB PHOTONS
WITH THE SCALAR PERTURBATION
In the presence of primordial scalar perturbations (indicated with a subscript S)
the temperature anisotropy (∆
(S)
I ) and polarization (∆
(S)
P ) of CMB radiation
can be described in terms of multipole moments in the conformal time η as
follows [56, 57]
∆
(S)
I,P (K,µ, η) =
∞∑
l=0
(2l + 1)(−i)l∆
(S)
I,Pl
(K, η)Pl(µ), (31)
in which µ = nˆ.Kˆ = cosα where α is the angle between the CMB photon direc-
tion nˆ = k|k| and the wave vector Kˆ. Pl(µ) is the Legendre polynomial of rank
l. Meanwhile, the Boltzmann equations for CMB photons due to the Compton
and VDM-photon forward scattering in presence of the scalar perturbations are
given by
d
dη
∆
(S)
I + ikµ∆
(S)
I + 4[Ψ˙ − ikµΦ] = τ˙eγ
[
−∆
(S)
I +∆
(S0)
I + 4µvb +
1
2
P2(µ)Π
]
, (32)
d
dη
∆
±(S)
P + ikµ∆
±(S)
P = τ˙eγ
[
−∆
±(S)
P −
1
2
[1− P2(µ)]Π
]
+ ia(η)κ˙DM (D ∓ iC)∆
(S)
V , (33)
d
dη
∆
(S)
V + ikµ∆
(S)
V = τ˙eγ
[
−∆
(S)
V +
3
2
µ∆
(S)
V 1
]
+
i
2
κ˙DM
(
(D + iC)∆
−(S)
P − (D − iC)∆
+(S)
P
)
, (34)
where
κ˙DM = κ˙ sin
2 α, (35)
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τ˙eγ ≡
dτeγ
dη
, a(η) is normalized scale factor and Π ≡ ∆
(S)
I2
+∆
(S)
P2
−∆
(S)
P0
. Also,
Ψ and Φ are metric perturbations which correspond to the Newtonian poten-
tial and the perturbation to the spatial curvature, respectively. The values of
∆
±(S)
P (nˆ) = Q
S(nˆ) ± US(nˆ) and ∆
(S)
V (nˆ) = V
S(nˆ) at the present time η0 and
the direction nˆ are given in the following general form by integrating of the
Boltzmann equations (31)-(34) along the line of sight [56] and summing over all
the Fourier modes K as follows
∆
±(S)
P (nˆ) =
∫
d3k ξ(K)e±2iψK,n∆
±(S)
P (K, µ, η0), (36)
∆
(S)
V (nˆ) =
∫
d3k ξ(K)∆
(S)
V (K, µ, η0), (37)
where ψK,n is the angle needed to rotate the K and nˆ dependent basis to a
fixed frame in the sky, ξ(k) is a random variable using to characterize the initial
amplitude of each primordial scalar perturbations mode, and also the values of
∆
±(S)
P (K, µ, η0) and ∆
(S)
V (K, µ, η0) are given as
∆
±(S)
P (K, µ, η0) =
∫ η0
0
dη τ˙eγ e
ixµ−τeγ
[
3
4
(1−µ2)Π(K, η)+i
κ˙DM
τ˙eγ
(D∓iC)∆
(S)
V
]
,
(38)
∆
(S)
V (K, µ, η0) =
1
2
∫ η0
0
dη τ˙eγ e
ixµ−τeγ
[
3µ∆
(S)
V 1
+ i
κ˙DM
τ˙eγ
(
(D + iC)∆
−(S)
P − (D − iC)∆
+(S)
P
)]
, (39)
≈
1
2
∫ η0
0
dη τ˙eγ e
ixµ−τeγ
[
3µ∆
(S)
V 1 + 2iC
κ˙DM
τ˙eγ
∆
(S)
P
]
, (40)
where
∆
(S)
P (K, µ, η0) =
∫ η0
0
dη τ˙eγ e
ixµ−τeγ
[
3
4
(1− µ2)Π(K, η)
]
, (41)
and x = K(η0 − η). In the above equations the differential optical depth τ˙eγ(η)
and the total optical depth τeγ(η) due to the Compton scattering at time η are
given as
τ˙eγ(η) = a(η)neσT , τeγ(η) =
∫ η
η0
τ˙eγ(η) dη. (42)
4.2 THE POWER SPECTRUM OF CMB CIRCULAR
POLARIZATION
Now we are ready to calculate the power spectra C
(S)
V l of CP of CMB radiation
due to the Compton scattering and VDM-photon forward scattering in the pres-
ence of scalar perturbations. In the presence of primordial scalar perturbation,
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the power spectrum C
(S)
V l is given by
C
(S)
V l =
1
2l + 1
∑
m
〈
a∗V,lmaV,lm
〉
, (43)
where
aV,lm =
∫
dΩY ∗lm∆V . (44)
By using (38)-(41), the power spectrum C
(S)
V l can be determined as
C
(S)
V l ≈
1
2l + 1
∫
d3KPφ(K)
×
∑
m
∣∣∣∣
∫
dΩY ∗lm
∫ η0
0
dη τ˙eγ e
ixµ−τeγ
κ˙
τ˙eγ
(1 − µ2)∆
(S)
P
∣∣∣∣
2
, (45)
with
Pφ(K)δ(K
′ −K) =
〈
ξ(K)ξ(K′)
〉
, (46)
in which Pφ(K) is the primordial scalar spectrum and by using (18)and (19) ,
we have 2C κ˙DM
τ˙eγ
≈ κ˙
τ˙eγ
(1− µ2) where for l = 0
κ˙
τ˙eγ
∼
(δ1 − δ2)
α
mek
0
m2
V
−m2
V ′
nDM
ne
√
〈σvrel〉ann
σT
, (47)
and for l = 2
κ˙
τ˙eγ
∼
(δ1 − δ3)
α
mek
0
m2
V
−m2
V ′
n2DM
ne
√
〈σvrel〉ann
σT
. (48)
Meanwhile, the small deviation δr in the densities from the unpolarized distri-
bution of the VDM and the ratio n2DM/nDM can be assumed to be about the
temperature fluctuation as [31, 58, 59]
n2DM/nDM ≤ ∆T/T ∼ 10
−5, (δ1−δ2), (δ1−δ3) ≤ ∆T/T ∼ 10
−5. (49)
As (47) and (48) show, the ratio κ˙
τ˙eγ
is small if the VDM masses are large and
far from each other. Therefore, the cases with the small VDM masses where the
masses are near to each other lead to larger values for the CP generation due
to the VDM-photon scattering. Nevertheless, the power spectrum C
(S)
V l of the
CP depends on the κ˙
τ˙eγ
through a complicated integral given in (45). However,
the effects of different VDM masses on the optical depths ratio κ˙
τ˙eγ
and the
CP angular power spectrum l(l + 1)/(2pi)C
(S)
V l are shown in Figs. 2 to 7. As
the optical depths ratio κ˙
τ˙eγ
for different masses in Figs. 2, 3, 5 and 6 show,
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impact of the VDM-photon scattering on the CP generation for masses larger
than 10keV in l = 0 and for the masses larger than 1keV in l = 2 are negligible.
On the other hand, as the Figs. 4 and 7 show the power spectrum increases
very fast by reducing the VDM masses as ∼ 1/m6
V
which leads to a stringent
bound on the low mass VDM. For instance, as the Fig. 7 shows for m
V
∼ 10eV
and X = mV ′/mV = 1.02, the CP power spectrum is about 10
−3µK2 = 103nK2
which is very larger than nK2 region where one expects for the CP of the CMB.
12
Figure 2: Optical depths ratio κ˙
τ˙eγ
for l = 0 in terms of red-shift for different
masses mV ∼ 0.1keV, 1keV, 10keV, 100keV, 1MeV with X = mV ′/mV = 2
and 〈σvrel〉 = 10
−32cm3s−1.
5 CONCLUSION
We considered a spin-1 bosonic DM with a direct coupling with photon as is
given in (4) . Consequently, we have explored the time evolution of the Stocks
parameters to find our results as follows:
1-The forward scattering of an unpolarized VDM with a completely uniform
distribution function can not generate any CMB polarization.
2-The Damping term for the unpolarized VDM is not zero but it is negligible
in comparison with the Compton scattering. In fact, the optical depth of this
scattering is much smaller than the optical depth of Compton scattering τ˙DM
τ˙eγ
∝
( k
0
m
V
)4 ≪ 1 where the photon energy k0 is much smaller than the mass of dark
matter.
3-However, without considering a specific model or mechanism for producing a
vector dark mater, we have considered a partially polarized Vector-DM by taking
different densities for each components of the vector dark mater as is given in
(6). We found that at the lowest order of the multipole expansion ( ie l = 0 ) the
CP can be generated only if ρ11 6= ρ22. In this case, if exists, the VDM’s with
masses less than a few keV lead to a large circular polarization for the CMB (
see Fig. 4) and can be excluded from the acceptable range of the VDM masses.
Nevertheless, in the next leading order for a partially polarized Vector-DM with
a quadrupole distribution of the order of temperature fluctuation one has also a
valuable CP for the CMB. Such a new way for producing the CMB polarization
has provided a new constrain on the properties of DM particles.
4-As one can see from (47) and (48), to have a valuable impact on the CP of
the CMB, one should consider small masses for the VDM’s where the masses
are near to each other.
5-We also showed that the CP angular power spectrum depends on the mass
13
Figure 3: Optical depths ratio κ˙
τ˙eγ
for l = 0 in terms of red-shift for mass
mV ∼ 5keV with different mass ratios X = mV ′ /mV ∼ 2, 1.1, 1.01, 1.001 and
〈σvrel〉 = 10
−32cm3s−1.
of the VDM as C
(S)
V l ∝ 1/m
6
V
. Therefore, the power spectrum decreases very
fast by increasing the VDM mass such that for mV ≫ 1keV there is not any
measurable CP through the VDM-photon scattering.
6- In different DM-models the DM-mass ranges from a few meV to a few TeV .
The 1/m6
V
mass dependence of the power spectrum can put a stringent bound
on the low mass VDM. As the Fig. 7 for m
V
= 10eV shows for the large
angular momentum (l > 50) the CP increases to thousands of nK2 by reducing
the VDM mass to a few electron volts. Therefore, the VDMs with mV . 10eV
can be excluded in our model. For instance, for m
V
= 10eV − 1keV the CP
angular power spectrum is C
(S)
V l ≃ 10
3 − 10−11nK2 for l ≃ 300.
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6 APPENDIX A: THE TIME EVALUATION
OF PHOTON DENSITY MATRIX DUE TO
DM-PHOTON SCATTERING
In this Appendix we are going to calculate contribution of the VDM-photon
forward scattering to the time evolution of the photon density matrix elements
in detail. The second-order scattering matrix is given by
S(2) = −
1
2
∫ ∞
−∞
dt
∫ ∞
−∞
dt′ T {H
(1)
int(t)H
(1)
int(t
′)} ≡ −i
∫ ∞
−∞
dtH
(2)
int(t), (50)
where H
(1)
int(t) is the first-order interaction Hamiltonian. From the Lagrangian
(4), one can obtain the interaction Hamiltonian for the second-order scattering
processes as follows
H
(2)
int(t) = −
i
2
∫
d3x d4x′
× T
{(
g
V
cos θ
W
FµυVµV
′
ν + g
′
V
cos θ
W
εµναβFµυVαV
′
β
)
x
×
(
g
V
cos θ
W
F ρσVρV
′
σ + g
′
V
cos θ
W
ερσληFρσVλV
′
η
)
x′
}
. (51)
The part of H
(2)
int(t) which describes the VDM-photon scattering by H
0
I (t) as
H0I (t) ≡ H
(1)
I (t) +H
(2)
I (t) +H
(3)
I (t), (52)
where H
(1)
I (t), H
(2)
I (t) and H
(3)
I (t) are
H
(1)
I (t) = −
i
2
g2
V
cos2 θ
W
∫
d3x d4x′ iDνσF (x− x
′)
× V µ−(x)
[
∂µA
−
ν (x)∂ρA
+
σ (x
′) + ∂ρA
−
σ (x
′)∂µA
+
ν (x)
− ∂νA
−
µ (x)∂ρA
+
σ (x
′)− ∂ρA
−
σ (x
′)∂νA
+
µ (x)
− ∂µA
−
ν (x)∂σA
+
ρ (x
′)− ∂σA
−
ρ (x
′)∂µA
+
ν (x)
+ ∂νA
−
µ (x)∂σA
+
ρ (x
′) + ∂σA
−
ρ (x
′)∂νA
+
µ (x)
]
V ν+(x′), (53)
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H
(2)
I (t) = −igV g
′
V
cos2 θ
W
ερσλη
∫
d3x d4x′ iDFνη(x− x
′)
×
(
V −µ (x)
[
∂µAν−(x)∂ρA
+
σ (x
′) + ∂ρA
−
σ (x
′)∂µAν+(x)
− ∂νAµ−(x)∂ρA
+
σ (x
′)− ∂ρA
−
σ (x
′)∂νAµ+(x)
]
V +λ (x
′)
+ V −λ (x)
[
∂ρA
−
σ (x)∂
µAν+(x′) + ∂µAν−(x′)∂ρA
+
σ (x)
− ∂ρA
−
σ (x)∂
νAµ+(x′)− ∂νAµ−(x′)∂ρA
+
σ (x)
]
V +µ (x
′)
)
, (54)
H
(3)
I (t) = −
i
2
g′2
V
cos2 θ
W
εµναβερσλη
∫
d3x d4x′ iDFβη(x− x
′)
× V −α (x)
[
∂µA
−
ν (x)∂ρA
+
σ (x
′) + ∂ρA
−
σ (x
′)∂µA
+
ν (x)
− ∂νA
−
µ (x)∂ρA
+
σ (x
′)− ∂ρA
−
σ (x
′)∂νA
+
µ (x)
− ∂µA
−
ν (x)∂σA
+
ρ (x
′)− ∂σA
−
ρ (x
′)∂µA
+
ν (x)
+ ∂νA
−
µ (x)∂σA
+
ρ (x
′) + ∂σA
−
ρ (x
′)∂νA
+
µ (x)
]
V +λ (x
′). (55)
In (53)-(55) V −(V +) and A−(A+) depend linearly on the creation (absorption)
operators of the VDM and photon, respectively. Also, DαβF is the Feynman
propagator for the VDM. However, the Fourier transforms of the fields and
propagator are given as
Aµ(x) =
∫
d3p
(2pi)32p0
∑
s
[
as(p)εsµ(p)e
−ip.x + a†s(p)ε
∗
sµ(p)e
ip.x
]
, (56)
Vν(x) =
∫
d3q
(2pi)32q0
∑
r
[
br(q)εrν(q)e
−iq.x + b†r(q)ε
∗
rν(q)e
iq.x
]
, (57)
and
iDαβF (x) =
∫
d4q
(2pi)4
i(−gαβ + qαqβ/m2
V ′
)
q2 −m2
V ′
+ iθ
e−iq.x, (58)
where εsµ(k) and εrν(q), respectively, are the photon and VDM polarization
four-vectors, a†s(k) (b
†
r(q)) and as(k) (br(q)) are the creation and annihilation
operators of photon (VDM), respectively. They satisfy the following commuta-
tion relations
[as(p), a
†
s′(p
′)] = (2pi)32p0δss′δ
(3)(p− p′), (59)
[br(q), b
†
r′(q
′)] = (2pi)32q0δrr′δ
(3)(q− q′). (60)
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Using (56)-(58) the interaction Hamiltonian can be cast into
H0I (t) = H
(1)
I (t) +H
(2)
I (t) +H
(3)
I (t)
=
1
2
∫
dq dq′ dp dp′(2pi)3δ(3)(q′ + p′ − q− p)ei(q
′0+p′0−q0−p0)t
× b†r′(q
′)a†s′(p
′)
(
g2
V
cos2 θ
W
M1 + 2gV g
′
V
cos2 θ
W
M2
+ g′2
V
cos2 θ
W
M3
)
br(q)as(p), (61)
with
dq ≡
d3q
(2pi)3 2q0
, dp ≡
d3p
(2pi)3 2p0
, (62)
for momentum of the VDM and photon, respectively, and
M1 =
−gνσ + (q + p)ν(q + p)σ/m
2
V ′
m2
V
−m2
V ′
+ 2p.q
×
(
p′µpρενs′(p
′)εσs (p)εr′µ(q
′)εrρ(q)− p
′µpσενs′(p
′)ερs(p)εr′µ(q
′)εrρ(q)
− p′νpρεµs′(p
′)εσs (p)εr′µ(q
′)εrρ(q) + p
′νpσεµs′(p
′)ερs(p)εr′µ(q
′)εrρ(q)
)
+
−gνσ + (q − p
′)ν(q − p
′)σ/m
2
V ′
m2
V
−m2
V ′
− 2p′.q
×
(
pµp′ρενs (p)ε
σ
s′(p
′)εr′µ(q
′)εrρ(q)− p
µp′σενs (p)ε
ρ
s′(p
′)εr′µ(q
′)εrρ(q)
− pνp′ρεµs (p)ε
σ
s′(p
′)εr′µ(q
′)εrρ(q) + p
νp′σεµs (p)ε
ρ
s′(p
′)εr′µ(q
′)εrρ(q)
)
,
(63)
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M2 = ε
ρσλη
{
−gνη + (q + p)ν(q + p)η/m
2
V ′
m2
V
−m2
V ′
+ 2p.q
×
(
(p.εr(q))p
′
ρεs′σ(p
′)ενs (p)εr′λ(q
′)− (εs(p).εr(q))p
′
ρp
νεs′σ(p
′)εr′λ(q
′)
+ (p′.εr′(q
′))pρε
ν
s′(p
′)εsσ(p)εrλ(q) − (εs′(p
′).εr′(q
′))pρp
′νεsσ(p)εrλ(q)
)
+
−gνη + (q − p
′)ν(q − p
′)η/m
2
V ′
m2
V
−m2
V ′
− 2p′.q
×
(
(p′.εr(q))pρεsσ(p)ε
ν
s′(p
′)εr′λ(q
′)− (εs′(p
′).εr(q))pρp
′νεsσ(p)εr′λ(q
′)
+ (p.εr′(q
′))p′ρε
ν
s (p)εs′σ(p
′)εrλ(q)− (εs(p).εr′(q
′))p′ρp
νεs′σ(p
′)εrλ(q)
)}
,
(64)
M3 = 4 ε
µυαβερσλη
×
(
−gβη + (q + p)η(q + p)β/m
2
V ′
m2
V
−m2
V ′
+ 2p.q
p′µ pρεs′ν(p
′)εsσ(p)εr′α(q
′)εrλ(q)
+
−gβη + (q − p
′)η(q − p
′)β
m2
V
−m2
V ′
− 2p′.q
pµ p
′
ρεsν(p)εs′σ(p
′)εr′α(q
′)εrλ(q)
)
.(65)
By using (59), the commutation relation between the interaction Hamiltonian
H0I (t) and number operator D
0
ij(k) = a
†
i (k)aj(k) can be obtained as follows
[H0I (0), D
0
ij(k)] =
1
2
∫
dq dq′ dp dp′(2pi)3δ(3)(q′ + p′ − q− p)
× [b†r′(q
′)br(q)a
†
s′ (p
′)aj(k)2p
0(2pi)3δisδ
3(p− k)
− b†r′(q
′)br(q)a
†
i (k)as(p)2p
′0(2pi)3δjs′δ
3(p′ − k)]
×
(
g2
V
cos2 θ
W
M1 + 2gV g
′
V
cos2 θ
W
M2
+ g′2
V
cos2 θ
W
M3
)
, (66)
where by using
〈a1a2...b1b2...〉 = 〈a1a2...〉〈b1b2...〉, (67)
〈a†m(p
′)an(p)〉 = 2p
0(2pi)3δ3(p− p′)ρmn(p), (68)
〈b†m(q
′)bn(q)〉 = 2q
0(2pi)3δ3(q − q′)δmnρmn(q), (69)
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one can obtain the expectation value of (66) as
i〈[H0I (0), Dij(k)]〉 =
i
2
∫
dq
2(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
(2pi)3δ3(0)
×
2∑
s,s′=1
3∑
r=1
(
δisρs′j(k)− δs′jρis(k)
)
ρrr(x,q)
[
2g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.εs′ (k))− (k.q)(εs′(k).εr(q))) kρεsσ(k)εrλ(q)qη
+ ((k.εr(q))(q.εs(k))− (k.q)(εs(k).εr(q))) kρεs′σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
(
(k.εr(q))(q.εs(k))− (k.q)(εs(k).εr(q))
)
×
(
(k.εr(q))(q.εs′ (k))− (k.q)(εs′(k).εr(q))
)
+ δss′
(
4g
′2
V
cos2 θ
W
m2
V ′
((m2
V
−m2
V ′
)(k.εr(q))
2 + (k.q)2)
− g2
V
cos2 θ
W
(k.εr(q))
2
)]
. (70)
Meanwhile, from (3) the time evolution of the photon density matrix elements
up to the leading term can be derived as follows
dρij
dt
=
i
2k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
×
2∑
s,s′=1
3∑
r=1
(
δisρs′j(k)− δs′jρis(k)
)
ρrr(x,q)
[
2g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.εs′ (k)) − (k.q)(εs′(k).εr(q))) kρεsσ(k)εrλ(q)qη
+ ((k.εr(q))(q.εs(k))− (k.q)(εs(k).εr(q))) kρεs′σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
(
(k.εr(q))(q.εs(k))− (k.q)(εs(k).εr(q))
)
×
(
(k.εr(q))(q.εs′ (k))− (k.q)(εs′ (k).εr(q))
)
+ δss′
(
4g
′2
V
cos2 θ
W
m2
V ′
× ((m2
V
−m2
V ′
)(k.εr(q))
2 + (k.q)2)− g2
V
cos2 θ
W
(k.εr(q))
2
)]
, (71)
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or in terms of its components one has
dρ11
dt
= −
1
2k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
3∑
r=1
ρrr(x,q)
[
2g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))) kρε2σ(k)εrλ(q)qη
+ ((k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))) kρε1σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
(
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)
×
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)]
V (k), (72)
dρ22
dt
=
1
2k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
3∑
r=1
ρrr(x,q)
[
2g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))) kρε2σ(k)εrλ(q)qη
+ ((k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))) kρε1σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
(
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)
×
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)]
V (k), (73)
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dρ12
dt
=
i
2k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
3∑
r=1
ρrr(x,q)
{[
4g
V
g′
V
cos2 θ
W
m2
V ′
× ερσλη
(
((k.εr(q))(q.ε1(k)) − (k.q)(ε1(k).εr(q))) kρε1σ(k)εrλ(q)qη
− ((k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))) kρε2σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
((
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)2
−
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)2)]
ρ12(k) −
[
2g
V
g′
V
cos2 θ
W
m2
V ′
× ερσλη
(
((k.εr(q))(q.ε1(k)) − (k.q)(ε1(k).εr(q))) kρε2σ(k)εrλ(q)qη
+ ((k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))) kρε1σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
(
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)
×
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)]
Q(k)
}
, (74)
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dρ21
dt
= −
i
2k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
3∑
r=1
ρrr(x,q)
{[
4g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))) kρε1σ(k)εrλ(q)qη
− ((k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))) kρε2σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
((
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)2
−
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)2)]
ρ21(k) −
[
2g
V
g′
V
cos2 θ
W
m2
V ′
× ερσλη
(
((k.εr(q))(q.ε1(k)) − (k.q)(ε1(k).εr(q))) kρε2σ(k)εrλ(q)qη
+ ((k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))) kρε1σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
(
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)
×
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)]
Q(k)
}
. (75)
Now, we are ready to determine the time evolution of Stocks parameters for the
VDM-photon scattering as follows
I˙(k) = ρ˙11(k) + ρ˙22(k) = 0, (76)
Q˙(k) = ρ˙11(k) − ρ˙22(k)
= −
1
2k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
3∑
r=1
ρrr(x,q)
[
4g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))) kρε2σ(k)εrλ(q)qη
+ ((k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))) kρε1σ(k)εrλ(q)qη
)
+
2(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
(
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)
×
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)]
V (k), (77)
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U˙(k) = ρ˙12(k) + ρ˙21(k)
=
1
2k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
3∑
r=1
ρrr(x,q)
[
4g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.ε1(k)) − (k.q)(ε1(k).εr(q))) kρε1σ(k)εrλ(q)qη
− ((k.εr(q))(q.ε2(k)) − (k.q)(ε2(k).εr(q))) kρε2σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
((
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)2
−
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)2)]
V (k), (78)
and
V˙ (k) = iρ˙12(k)− iρ˙21(k)
= −
1
2k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
3∑
r=1
ρrr(x,q)
{[
4g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))) kρε1σ(k)εrλ(q)qη
− ((k.εr(q))(q.ε2(k)) − (k.q)(ε2(k).εr(q))) kρε2σ(k)εrλ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
((
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)2
−
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)2)]
U(k)−
[
4g
V
g′
V
cos2 θ
W
m2
V ′
ερσλη
×
(
((k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))) kρε2σ(k)εrλ(q)qη
+ ((k.εr(q))(q.ε2(k)) − (k.q)(ε2(k).εr(q))) kρε1σ(k)εrλ(q)qη
)
+
2(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
(
(k.εr(q))(q.ε1(k))− (k.q)(ε1(k).εr(q))
)
×
(
(k.εr(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)]
Q(k)
}
. (79)
To perform the integrals in (77)-(79), we assume a uniform distribution func-
tion ρ0(x,q) for the VDM such that the density matrix elements ρrr(x,q) =
1
3ρ
0(x,q), r = 1, 2, 3 and consequently the time evolution for the Stocks pa-
rameters can be obtained as
I˙(k) = 0 (80)
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Q˙(k) = −
1
6k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
ρ0(x,q)
[
4g
V
g′
V
cos2 θ
W
m2
V ′
× ερσλη
(
((k.ε1(q))(q.ε1(k))− (k.q)(ε1(k).ε1(q))) kρε2σ(k)ε1λ(q)qη
+ ((k.ε1(q))(q.ε2(k))− (k.q)(ε2(k).ε1(q))) kρε1σ(k)ε1λ(q)qη
+ ((k.ε2(q))(q.ε1(k))− (k.q)(ε1(k).ε2(q))) kρε2σ(k)ε2λ(q)qη
+ ((k.ε2(q))(q.ε2(k))− (k.q)(ε2(k).ε2(q))) kρε1σ(k)ε2λ(q)qη
+ ((k.ε3(q))(q.ε1(k))− (k.q)(ε1(k).ε3(q))) kρε2σ(k)ε3λ(q)qη
+ ((k.ε3(q))(q.ε2(k))− (k.q)(ε2(k).ε3(q))) kρε1σ(k)ε3λ(q)qη
)
+
2(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
((
(k.ε1(q))(q.ε1(k)) − (k.q)(ε1(k).ε1(q))
)
×
(
(k.ε1(q))(q.ε2(k))− (k.q)(ε2(k).ε1(q))
)
+
(
(k.ε2(q))(q.ε1(k))− (k.q)(ε1(k).ε2(q))
)
×
(
(k.ε2(q))(q.ε2(k))− (k.q)(ε2(k).ε2(q))
)
+
(
(k.ε3(q))(q.ε1(k))− (k.q)(ε1(k).ε3(q))
)
×
(
(k.ε3(q))(q.ε2(k))− (k.q)(ε2(k).ε3(q))
))]
V (k), (81)
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U˙(k) =
1
6k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
ρ0(x,q)
[
4g
V
g′
V
cos2 θ
W
m2
V ′
× ερσλη
(
((k.ε1(q))(q.ε1(k))− (k.q)(ε1(k).ε1(q))) kρε1σ(k)ε1λ(q)qη
− ((k.ε1(q))(q.ε2(k))− (k.q)(ε2(k).ε1(q))) kρε2σ(k)ε1λ(q)qη
+ ((k.ε2(q))(q.ε1(k))− (k.q)(ε1(k).ε2(q))) kρε1σ(k)ε2λ(q)qη
− ((k.ε2(q))(q.ε2(k))− (k.q)(ε2(k).ε2(q))) kρε2σ(k)ε2λ(q)qη
+ ((k.ε3(q))(q.ε1(k))− (k.q)(ε1(k).ε3(q))) kρε1σ(k)ε3λ(q)qη
− ((k.ε3(q))(q.ε2(k))− (k.q)(ε2(k).ε3(q))) kρε2σ(k)ε3λ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
((
(k.ε1(q))(q.ε1(k))− (k.q)(ε1(k).ε1(q))
)2
−
(
(k.ε1(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)2
+
(
(k.ε2(q))(q.ε1(k))− (k.q)(ε1(k).ε2(q))
)2
−
(
(k.ε2(q))(q.ε2(k))− (k.q)(ε2(k).ε2(q))
)2
+
(
(k.ε3(q))(q.ε1(k))− (k.q)(ε1(k).ε3(q))
)2
−
(
(k.ε3(q))(q.ε2(k))− (k.q)(ε2(k).ε3(q))
)2)]
V (k), (82)
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V˙ (k) = −
1
6k0
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
ρ0(x,q)
{[
4g
V
g′
V
cos2 θ
W
m2
V ′
× ερσλη
(
((k.ε1(q))(q.ε1(k)) − (k.q)(ε1(k).ε1(q))) kρε1σ(k)ε1λ(q)qη
− ((k.ε1(q))(q.ε2(k))− (k.q)(ε2(k).ε1(q))) kρε2σ(k)ε1λ(q)qη
+ ((k.ε2(q))(q.ε1(k))− (k.q)(ε1(k).ε2(q))) kρε1σ(k)ε2λ(q)qη
− ((k.ε2(q))(q.ε2(k))− (k.q)(ε2(k).ε2(q))) kρε2σ(k)ε2λ(q)qη
+ ((k.ε3(q))(q.ε1(k))− (k.q)(ε1(k).ε3(q))) kρε1σ(k)ε3λ(q)qη
− ((k.ε3(q))(q.ε2(k))− (k.q)(ε2(k).ε3(q))) kρε2σ(k)ε3λ(q)qη
)
+
(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
((
(k.ε1(q))(q.ε1(k))− (k.q)(ε1(k).ε1(q))
)2
−
(
(k.ε1(q))(q.ε2(k))− (k.q)(ε2(k).εr(q))
)2
+
(
(k.ε2(q))(q.ε1(k))− (k.q)(ε1(k).ε2(q))
)2
−
(
(k.ε2(q))(q.ε2(k))− (k.q)(ε2(k).ε2(q))
)2
+
(
(k.ε3(q))(q.ε1(k))− (k.q)(ε1(k).ε3(q))
)2
−
(
(k.ε3(q))(q.ε2(k))− (k.q)(ε2(k).ε3(q))
)2)]
U(k)−
[
4g
V
g′
V
cos2 θ
W
m2
V ′
× ερσλη
(
((k.ε1(q))(q.ε1(k)) − (k.q)(ε1(k).ε1(q))) kρε2σ(k)ε1λ(q)qη
+ ((k.ε1(q))(q.ε2(k))− (k.q)(ε2(k).ε1(q))) kρε1σ(k)ε1λ(q)qη
+ ((k.ε2(q))(q.ε1(k))− (k.q)(ε1(k).ε2(q))) kρε2σ(k)ε2λ(q)qη
+ ((k.ε2(q))(q.ε2(k))− (k.q)(ε2(k).ε2(q))) kρε1σ(k)ε2λ(q)qη
+ ((k.ε3(q))(q.ε1(k))− (k.q)(ε1(k).ε3(q))) kρε2σ(k)ε3λ(q)qη
+ ((k.ε3(q))(q.ε2(k))− (k.q)(ε2(k).ε3(q))) kρε1σ(k)ε3λ(q)qη
)
+
2(g2
V
− 4g
′2
V
) cos2 θ
W
m2
V ′
((
(k.ε1(q))(q.ε1(k))− (k.q)(ε1(k).ε1(q))
)
×
(
(k.ε1(q))(q.ε2(k))− (k.q)(ε2(k).ε1(q))
)
+
(
(k.ε2(q))(q.ε1(k))− (k.q)(ε1(k).ε2(q))
)
×
(
(k.ε2(q))(q.ε2(k))− (k.q)(ε2(k).ε2(q))
)
+
(
(k.ε3(q))(q.ε1(k))− (k.q)(ε1(k).ε3(q))
)
×
(
(k.ε3(q))(q.ε2(k))− (k.q)(ε2(k).ε3(q))
))]
Q(k)
}
. (83)
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If we consider general choices for the momentum direction and polarization
vectors of the DM and incoming photon which is equal to the outgoing photon
in case of the forward scattering as
q = (q0, |q| sin θ cosφ, |q| sin θ sinφ, |q| cos θ), (84)
ε1(q) = (0, cos θ cosφ, cos θ sinφ,− sin θ), (85)
ε2(q) = (0,− sinφ, cosφ, 0), (86)
ε3(q) =
1
m
V
(|q|, q0 sin θ cosφ, q0 sin θ sinφ, q0 cos θ), (87)
k = (k0, |k| sinα cosβ, |k| sinα sinβ, |k| cosα), (88)
ε1(k) = (0, cosα cosβ, cosα sinβ,− sinα), (89)
ε2(k) = (0,− sinβ, cosβ, 0), (90)
then the time evolution of the Stockes parameters lead to
I˙(k) = 0, (91)
Q˙(k) = 0, (92)
U˙(k) = 0, (93)
V˙ (k) = 0. (94)
The relations (91)-(94) show that the photon polarization can not be generated
by the forward scattering of photon from the unpolarized VDM.
If we consider a polarized VDM with density matrix as follows
ρrr(x,q) =
{ (13 + δr) ρ0(x,q) r = r′
0 r 6= r′
(95)
which satisfies
∑3
r δr = 0, the time evolution of the Stocks parameters for the
lowest order contribution of multipole expansion of the angular function in terms
of Legendre polynomials l = 0 can be obtained as follows
I˙(k) = 0 (96)
Q˙(k) = −
2pig
V
g
V ′
cos2 θ
W
m2
V ′
k0 sin2 α (δ1 − δ2)V (k)
×
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
(q0
2
+ |q|2) (97)
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U˙(k) =
pi(g2
V
− 4g2
V ′
) cos2 θ
W
2m2
V ′
k0 sin2 α (δ1 − δ2)V (k)
×
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
(q0
2
+ |q|2) (98)
V˙ (k) = −
pi
2
k0 sin2 α (δ1 − δ2)
(
4g
V
g
V ′
m2
V ′
Q(k)−
(g2
V
− 4g2
V ′
)
m2
V ′
U(k)
)
cos2 θ
W
×
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
(q0
2
+ |q|2) (99)
The relations (96)-(99) in the non-relativistic limits q0 = m
V
and (m2
V
−
m2
V ′
)2 ≫ 4(k.q)2 can be simplified as
I˙(k) = 0 (100)
Q˙(k) = 2pig
V
g
V ′
cos2 θ
W
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ2)V (k)
×
∫
d3q
(2pi)3
ρ0(x,q), (101)
U˙(k) = −
pi
2
(g2
V
− 4g2
V ′
) cos2 θ
W
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ2)V (k)
×
∫
d3q
(2pi)3
ρ0(x,q), (102)
V˙ (k) = −
pi
2
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ2)
(
4g
V
g
V ′
Q(k)− (g2
V
− 4g2
V ′
)U(k)
)
cos2 θ
W
×
∫
d3q
(2pi)3
ρ0(x,q). (103)
Also, one can be obtained the time evolution of the Stocks parameters for next
non-zero contribution l = 2 as follows
I˙(k) = 0 (104)
Q˙(k) =
4pig
V
g
V ′
cos2 θ
W
5m2
V ′
k0 sin2 αV (k)
×
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
(δ1q
02 − δ2|q|
2 − δ3m
2
V
)P2(cos θ),(105)
U˙(k) = −
pi(g2
V
− 4g2
V ′
) cos2 θ
W
5m2
V ′
k0 sin2 αV (k)
×
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
(δ1q
02 − δ2|q|
2 − δ3m
2
V
)P2(cos θ),(106)
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V˙ (k) = −
pi
5
k0 sin2 α
(
4g
V
g
V ′
m2
V ′
Q(k)−
(g2
V
− 4g2
V ′
)
m2
V ′
U(k)
)
cos2 θ
W
×
∫
dq
(m2
V
−m2
V ′
)
(m2
V
−m2
V ′
)2 − 4(k.q)2
(δ1q
02 − δ2|q|
2 − δ3m
2
V
)P2(cos θ).(107)
As the previous case, (104)-(107) in the non-relativistic limits q0 = m
V
and
(m2
V
−m2
V ′
)2 ≫ 4(k.q)2 cast into
I˙(k) = 0 (108)
Q˙(k) = −
4pi
5
g
V
g
V ′
cos2 θ
W
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ3)V (k)
×
∫
d3q
(2pi)3
ρ0(x,q)P2(cos θ) (109)
U˙(k) =
pi
5
(g2
V
− 4g2
V ′
) cos2 θ
W
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ3)V (k)
×
∫
d3q
(2pi)3
ρ0(x,q)P2(cos θ), (110)
V˙ (k) =
pi
5
k0m
V
sin2 α
m2
V ′
(m2
V ′
−m2
V
)
(δ1 − δ3)
(
4g
V
g
V ′
Q(k)− (g2
V
− 4g2
V ′
)U(k)
)
cos2 θ
W
×
∫
d3q
(2pi)3
ρ0(x,q)P2(cos θ). (111)
The relations (108)-(111) show that the CP occurs due to the forward scattering
when the VDM is partially polarized and has a quadrapole distribution.
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7 APPENDIX B: CONTRIBUTION OF STOCKS
PARAMETERS FROM DAMPING TERM
The contribution of second term of (3) can be written as
1
2
∫ ∞
−∞
dt
〈
[H0I (t), [H
0
I (0), Dij(k)]]
〉
=
∫
dq1 dq
′
1
dp1 dp
′
1
dq2 dq
′
2
dp2 dp
′
2
× (2pi)7 δ3(q′1 + p
′
1 − q1 − p1)δ
4(q′2 + p
′
2 − q2 − p2)M(1)M(2)
×
{
(2pi)3p01 δis1 δ
3(p1 − k)
×
〈
b†
r′
2
(q′2)br2(q2)b
†
r′
1
(q′1)br1(q1)
〉〈
a†
s′
2
(p′2)as2(p2)a
†
s′
1
(p′1)aj(k)
〉
−(2pi)3p01 δis1 δ
3(p1 − k)
×
〈
b†
r′
1
(q′1)br1(q1)b
†
r′
2
(q′2)br2(q2)
〉〈
a†
s′
1
(p′1)aj(k)a
†
s′
2
(p′2)as2(p2)
〉
−(2pi)3p′01 δjs′1 δ
3(p′
1
− k)
×
〈
b†
r′
2
(q′2)br1(q1)b
†
r′
1
(q′1)br1(q1)
〉〈
a†
s′
2
(p′2)as2(p2)a
†
i (k)as1(p1)
〉
+(2pi)3p′01 δjs′1 δ
3(p′
1
− k)
×
〈
b†
r′
1
(q′1)br1(q1)b
†
r′
2
(q′2)br2(q2)
〉〈
a†i (k)as1 (p1)a
†
s′
2
(p′2)as2(p2)
〉}
, (112)
where M = g2
V
cos2 θ
W
M1 + 2gV g
′
V
cos2 θ
W
M2 + g
′2
V
cos2 θ
W
M3. To calculate
the above relation, we use the following expectation value for photon and VDM〈
a†
s′
1
(p′1)as1(p1)a
†
s′
2
(p′2)as2(p2)
〉
= 4p01p
0
2(2pi)
6 δ3(p1 − p
′
1) δ
3(p2 − p
′
2)ρs1s′1(p1)ρs2s′2(p2)
+ 4p01p
0
2(2pi)
6 δ3(p1 − p
′
2
) δ3(p2 − p
′
1
)ρs′
1
s2(p2)[δs1s′2 + ρs1s′2(p1)],(113)
and 〈
b†
r′
1
(q′1)br1(q1)b
†
r′
2
(q′2)br2(q2)
〉
= 4q01q
0
2(2pi)
6 δ3(q1 − q
′
1
) δ3(q2 − q
′
2
)δr1r′1δr2r′2ρr1r′1(q1)ρr2r′2(q2)
+ 4q01q
0
2(2pi)
6 δ3(q1 − q
′
2) δ
3(q2 − q
′
1)δr′1r2ρr′1r2(q2)[δr1r′2 + δr1r′2ρr1r′2(q1)],
(114)
which leads to
1
2
∫ ∞
−∞
dt
〈
[H0I (t), [H
0
I (0), Dij(k)]]
〉
=
1
4
(2pi)3δ3(0)
∫
dq dq′ dp′
× (2pi)4 δ4(q′2 + p
′
2 − q2 − p2)M(q
′r, p′s′1, qr, ks1)M(qr, ks
′
2, q
′r, p′s2)
×
[
ρrr(q)δs2s′1
(
δis1ρs′2j(k) + δjs′2ρis1 (k)
)
− 2ρrr(q
′)δis1δjs′2ρs′1s2(p
′)
]
.
(115)
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From (3) and (116), the time evolution of the density matrix elements due to
the damping term can be obtained as
d
dt
ρij(x,q) = −
1
4k0
∫
dq dp
×
1
2E(q+ k− p)
(2pi) δ(E(q+ k− p) + p− E(q) − k)
×
[
ρrr(x,q)δs2s′1
(
δis1ρs′2j(x,k) + δjs′2ρis1(x,k)
)
− 2ρrr(x,q
′)δis1δjs′2ρs′1s2(x,p
′)
]
M(q′r, p′s′1, qr, ks1)M(qr, ks
′
2, q
′r, p′s2).
(116)
Now by ignoring the recoil momentum of the VDM and using the following
approximations
q′ ≈ q, (117)
ρrr(x,q
′) ≈ ρrr(x,q), (118)
E(q+ k− p) ≃ E(q), (119)
δ(E(q+ k− p) + p− E(q) − k) ≃ δ(p− k), (120)
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one can cast the Stockes parameters into
I˙(k) = ρ˙11(k) + ρ˙22(k) = −
pi
4k0m
V
∫
dq dp δ(p− k)
3∑
r=1
ρrr(x,q)
{
I(k)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2))
+ M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1)) +M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
+ Q(k)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2))
− M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1))−M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
+ U(k)
×
[
M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(2))
+ M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(2))
]
+ iV (k)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(2))
− M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(1))−M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(2))
]
− I(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1))
+ M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2)) +M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
− Q(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1))
− M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2))−M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
− U(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(2)) +M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(2))
+ M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(1))
]
− iV (p)
×
[
M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(1))
− M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(2))−M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(2))
]}
,
(121)
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Q˙(k) = ρ˙11(k)− ρ˙22(k) = −
pi
4k0m
V
∫
dq dp δ(p− k)
3∑
r=1
ρrr(x,q)
{
I(k)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2))
− M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1))−M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
+ Q(k)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2))
+ M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1)) +M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
− I(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1))−M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1))
+ M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2))−M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
− Q(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1))−M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1))
− M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2)) +M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
− U(p)
×
[
M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(1))−M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(1))
+ M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(2))−M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(2))
]
− iV (p)
×
[
M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(1))−M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(1))
− M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(2)) +M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(2))
]}
,
(122)
37
U˙(k) = ρ˙12(k) + ρ˙21(k) = −
pi
4k0m
V
∫
dq dp δ(p− k)
3∑
r=1
ρrr(x,q)
{
I(k)
×
[
M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(2))
+ M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(2))
]
+ U(k)
×
[
M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1)) +M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
+ M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2)) +M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1))
]
− I(p)
×
[
M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(1)) +M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(1))
+ M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(2)) +M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(2))
]
− Q(p)
×
[
M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(1)) +M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(1))
− M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(2))−M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(2))
]
− U(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(2)) +M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(2))
+ M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(1))
]
− iV (p)
×
[
M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(1))
− M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(2))−M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(2))
]}
,
(123)
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and
V˙ (k) = i(ρ˙12(k)− ρ˙21(k)) = −
ipi
4k0m
V
∫
dq dp δ(p− k)
3∑
r=1
ρrr(x,q)
{
I(k)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(2))
− M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(1))−M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(2))
]
+ iV (k)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(1), qr, p(1)) +M(qr, p′(2), qr, k(1))M(qr, k(1), qr, p(2))
+ M(qr, p′(1), qr, k(2))M(qr, k(2), qr, p(1)) +M(qr, p′(2), qr, k(2))M(qr, k(2), qr, p(2))
]
− I(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(1))−M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(1))
+ M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(2))−M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(2))
]
− Q(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(1))−M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(1))
− M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(2)) +M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(2))
]
− U(p)
×
[
M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(2))−M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(2))
+ M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(1))−M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(1))
]
− iV (p)
×
[
M(qr, p′(2), qr, k(1))M(qr, k(2), qr, p(1))−M(qr, p′(2), qr, k(2))M(qr, k(1), qr, p(1))
− M(qr, p′(1), qr, k(1))M(qr, k(2), qr, p(2)) +M(qr, p′(1), qr, k(2))M(qr, k(1), qr, p(2))
]}
.
(124)
If we consider only the first term of the propagator and Using the relations
(84)-(88) for the VDM and the incoming photon and
p = (p0, |p| sinα′ cosβ′, |p| sinα′ sinβ′, |p| cosα′), (125)
ε1(p) = (0, cosα
′ cosβ′, cosα′ sinβ′,− sinα′), (126)
ε2(p) = (0,− sinβ
′, cosβ′, 0), (127)
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for the outgoing photon, then by applying the non-relativistic limits q0 = m
V
and (m2
V
−m2
V ′
)2 ≫ 4m2
V
k0
2
, the Stockes parameters can be written as
I˙(k) = −
16
3
nDM (x)
m2
V
k0
4
cos4 θ
W
(m2
V ′
−m2
V
)2
(g2
V
+ 4g
′2
V
)2
(
I(k) −
∫
dΩ′
4pi
I(p)
)
(128)
Q˙(k) = −
4
15
nDM (x)
m2
V
k0
4
sin2 α cos4 θ
W
(m2
V ′
−m2
V
)2
(g4
V
− 16g
′4
V
)
×
(
I(k)
∫
dΩ′
4pi
P2(cosα
′)−
∫
dΩ′
4pi
P2(cosα
′)I(p)
)
, (129)
U˙(k) = −
16
15
nDM (x)
m2
V
k0
4
sin2 α cos4 θ
W
(m2
V ′
−m2
V
)2
g
V
g′
V
(g2
V
+ 4g
′2
V
)
×
(
I(k)
∫
dΩ′
4pi
P2(cosα
′)−
∫
dΩ′
4pi
P2(cosα
′)I(p)
)
, (130)
and
V˙ (k) = 0. (131)
Now according to the orthonormality condition for the Legendre polynomials
one has
I˙(k) = −
16
3
nDM (x)
m2
V
k0
4
cos4 θ
W
(m2
V ′
−m2
V
)2
(g2
V
+ 4g
′2
V
)2 I(k), (132)
Q˙(k) = −
4
15
nDM (x)
m2
V
k0
4
sin2 α cos4 θ
W
(m2
V ′
−m2
V
)2
(g4
V
− 16g
′4
V
) I2(p), (133)
U˙(k) = −
16
15
nDM (x)
m2
V
k0
4
sin2 α cos4 θ
W
(m2
V ′
−m2
V
)2
g
V
g′
V
(g2
V
+ 4g
′2
V
) I2(p), (134)
and
V˙ (k) = 0, (135)
where
I2(p) =
∫
dΩ′
4pi
P2(cosα
′)I(p). (136)
The above relations show that the largest order in the damping term produces
only a linear polarization. One can compare contribution of the VDM-photon
scattering with the Compton scattering as
τ˙DM
τ˙eγ
≈
nDM
ne
〈σvrel〉ann
σT
(
k0
m
V
)4
, (137)
which for
(
k0
m
V
)4
≪ 1 is too small to be considered in comparison with the
Compton scattering.
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